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THIRD QUARTERLY REPORT
HEAT PIPE THERMIONIC CONVERTER DEVELOPMENT

1. Introduction

This document constitutes the Third Quarterly Report of the work
being performed under Thermo Electron's Contract No. 951465 with

the Jet Propulsion Laboratory.

This report covers progress for the period 11 January to 30 April
1967. During this period, both models T/E-1 and T/E-2 have been

fabricated and tested.

2. Fabrication of T/E-1-D

As mentioned in the Second Quarterly Report, the fabrication of
the model T/E-1-D had proceeded to the point where a leak had been
found between the radiator tube and the collector. This leak was

repaired by a second pass in the beam welder.

No further problems were encountered in the fabrication of this
model except that it was discovered after assembly that the inner
capillary mesh screen, part No. 18, which is wrapped around the
inner heat pipe tube, had been omitted accidentally. Figure 1 re-
produces the layout of the heat pipe model and shows this part.
Another minor difficulty which may be of interest was encountered
when making the final heat pipe weld between the end cap, part No. 21,
and the inner heat pipe tube, part No. 14. The difficulty is that the
cesium reservoir tube, part No. 13, never lies perfectly concentric
with the inner heat pipe tube, part No. 14, and as a result it tends
to rest at some point around the circumference of tube 14 right next

to the region where a weld must be made between the end of tube 14
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and the end cap 21. There is then the danger that, during the welding
operation, the cesium reservoir tube will be welded to the inner heat
pipe tube in the region of the weld. This problem was avoided by a
coiled 5-mil-diameter tungsten wire around tube 13, slipped between
tubes 13 and 14 in order to ensure concentricity. The weld could then
be performed with no further difficulty, but the wire which had been
inserted could not be removed, and as a result parts 22 (two wraps of
tantalum shielding around the cesium reservoir tube) could no longer
be inserted in order to shield the cesium reservoir tube from the

radiation from the inner heat pipe tubulation.

Since no experimental evidence was yet available that these
shields were necessary for proper operation of the cesium reservoir,
they were omitted from the assembly of T/E—i—D. Tests have shown
that these shields may be unnecessary for proper operation of the

cesium reservoir.

3. Sodium Charge of T/E-1-D

To charge the model T/E-1-D with sodium, a copper manifold
containing the sodium capsule was connected to the heat pipe. The
capsule was broken under vacuum, and the entire assembly was heated
to approximately 150°C for half an hour. The position of the entire
assembly was such that any molten sodium would flow into the heat
pipe. While the heat pipe was still connected to the exhaust pump,
its temperature was raised to 425°C under vacuum, keeping the reser-
voir of sodium at 160°C. Pumping continued for a period of approxi-
mately 26 hours, at which time the copper manifold was pinched off
from the heat pipe. The pinch-off of the niobium tube, part No. 12,

was then accomplished by electron-beam melting of the tube.
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After completion of the electron-beam pinch-off operation, the
copper tubulation simulating the cesium reservoir was fuse-brazed to
the cesium tube. The tubulation was then pinched off and given a thin
coating of black paint in order to help achieve low reservoir tempera-

tures.

4, Test of Model T/E-1-D

Figure 2 shows the fully instrumented model T/E-1-D. Six
thermocouples were placed along the radiating portion of the heat
pipe at equal spacings, and a seventh thermocouple was placed on

the cesium reservoir.

The thermal connection between the thermocouples and the wall
on which they were attached was effected by means of ceramic cement,
and to minimize the mechanical load on this junction, an additional
wire support was wound around the insulated thermocouple leads as

shown in the figure.

After the instrumentation was mounted on the heat pipe, the heat
pipe was placed in a vacuum chamber in an upright position with the
collector facing upwards, and an electron-bombardment unit was
installed to heat the collector face. The data obtained at various

heat inputs is shown in Table 1.

Data point No. 1 is the temperature distribution preceding test.
Data point No. 2 shows the temperature distribution obtained with a
nominal amount of filament heating and no electron-bombardment
power applied to the heat pipe. Data points Nos. 3 to 8 give the
temperature distributions obtained at various amounts of electron-

bombardment power input. It can be seen that up to 311 watts of
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electron-bombardment power input was applied, and heat pipe tem-
peratures in excess of 800°C were obtained. The thermocouple
locations on the heat pipe were numbered 1 to 6, starting from the

top of the heat pipe.

Thermocouples 2, 3, 4 and 5 had a tendency to read substantially
lower than thermocouples 1 and 6, at the top and bottom of the heat
pipe. This was assumed to be due to a shorting of the leads of the
low-reading thermocouples by the clamping wires shown in Figure 2.
Later tests on Model T/E-2-C have shown that even the readings of
the highest-output thermocouples are low because of thermal contact
resistance between the heat pipe wall and the ceramic cement used
for thermocouple bonding. For this reason, the temperature data

given in Table 1 is discussed in Section 12 with that of Model T/E-2-C.

One particular observation which was made during the test of
Model T/E-1-D turned out to have pivotal importance in the inter-
pretation of the data collected on both models. This is the pyrometer
reading which was taken during the test condition #8 in Table 1. It
was taken next to the collector face in an attempt to determine the
extent to which the collector temperature is the same as the heat pipe
temperature, and, as will be shown in Section 12, only a very small

difference occurs.

After completion of the thermal test shown in Table 1, the heat
pipe was maintained at the maximum operating heat input of 335.4 watts
overnight in order to accumulate an operating time of 100 hours at
maximum power input, as specified in the Statement of Work. A
thermal cycling test of 12 cycles would have followed the steady-state
run of 100 hours. Sometime in the next 16 hours of running, however,

the heat pipe developed a leak and lost the sodium charge.

~1
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5. Analysis of the Failure of Model T/E-1-D

Upon opening the test chamber to air, it became evident that
the location of the sodium leak was near the weld between the sodium
fill tube, part No. 12, and the heat pipe radiator tube, part No. 9.
Figure 3 shows this area of the heat pipe, and the location of the leak
can be identified by the white deposit of sodium hydroxide at the
transition between the uncoated and coated portions of the heat pipe.
The hydroxide is the result of the reaction of the residual sodium at

the leak with the water vapor in the atmosphere.

The leak itself seemed to be in the form of a crack in an area
where it appeared that a very narrow zone of the chromium oxide
coating of the heat pipe had reacted with the heat pipe wall, presumably
as a result of excessive heat during welding. To verify the fact that
this weakening of the wall had occurred before exposure to sodium,
another structure, which had been welded to serve as a back-up for
T/E-1-D, was inspected. It is shown in Figure 4, and as can be seen,
it did reveal the same characteristic reaction region at exactly the
same location. Since this structure had not yet been filled with sodium,
it was concluded that the reaction was caused by weld heat. Consequently,
a new assembly was welded using copper chill blocks, and as shown in
Figure 5, it was possible to obtain a very clean weld with no traces of

any coating reaction,

6. Fabrication of T/E-2-A

Model T/E-2-A differed only in that the cesium reservoir was
made of a chromium oxide-coated nickel piece on which thermocouples
could be mechanically fastened, and Figure 6 shows a photograph of

the unit fully instrumented. The instrumentation also differed in that
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seven thermocouples were provided along the length of the heat pipe
instead of six, and a thermocouple was attached to the collector face.
The model was sodium-charged in the same manner as T/E-1-D
except that the final niobium pinch-off was performed by electron

bombardment rather than by electron-beam melting.

7. Testing of T/E-2-A

This model was set up for test, and the test data showed that
no temperature uniformity could be achieved along the length of the
heat pipe wall. This was an indication of either the presence of large
amounts of gases or a lack of sodium within the heat pipe. The test
was discontinued, and the heat pipe was opened by cutting its fill tube
to examine whether any traces of sodium were visible. As none were
seen, the model was placed in a vacuum furnace and heated at 900°C
for two hours. A slight coating of sodiumwas produced over the sur-
face of the vacuum bell jar in the first few minutes of heating. The
amount so accumulated was so small that it was concluded that model
T/E-2-A failed to operate because it lacked a sufficient charge of
sodium to establish full wetting of the capillary conduit between the
collector and the radiator surface. If full wetting is not obtained,
the sodium can be expected to collect at the cool end of the heat pipe,

and thus completely interrupt heat pipe operation.

Further examination of the tubulation from which sodium had
been distilled into the heat pipe revealed that a large quantity of glass
fragments had been produced upon breaking the capsule, and that
many of the smaller pieces of glass had collected in the {fill tube to

the extent that this tube was almost completely plugged.
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8. Fabrication of T/E-2-B

After T/E-2-A was vacuum-heated to remove its residue of
sodium the niobium fill tube was cut, and a new tube was connected
by means of an adapting piece made of niobium and brazed in place
with palladium. The model was then outgassed and charged with
sodium in the same manner as T/E-2-A except that care was taken

to avoid breaking the sodium capsule at several places.

This model also failed to operate. It was opened by cutting
the sodium fill tube, and it was placed in a vacuum furnace, where
its temperature was raised to 1000°C. After 45 minutes of heating,
no traces of sodium had been released, and it was concluded that the
model did not contain any sodium. Inspection of the copper manifold
used for sodium charging showed that the tube leading to the model had
again become clogged by glass particles entrained by the sodium. This
had occurred in spite of the effort made to avoid excessive crushing
of the glass capsule, and it was concluded that, even when the glass
capsules are cracked with the greatest care, they will still shatter
into a large quantity of small fragments. Consequently, it was decided
to incorporate a screen in the sodium fill manifold to retain the glass

fragments.,

9. Fabrication of T/E-2-C

When the next outgassing had been completed, a new sodium
charging attempt was made, but this time it appeared that all of the
sodium clung by capillary force to the sodium capsule, and again,
none flowed into the heat pipe. The heat pipe model was reconnected
to a new manifold, re-outgassed, and the sodium charge procedure

was modified to drive the sodium out of its glass capsule and through

14
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the filter screen. Later examination of the manifold showed that

practically all of the sodium had been driven into the heat pipe.

The weight of the completed heat pipe model T/E-2-C was 77.8

grams.

10. Test of T/E-2-C

Model T/E-2-C was instrumented in the same manner as
T/E-2-A and tested at a range of power inputs to determine its
ability to meet the design heat transfer conditions. Table 2 gives
the observed temperature values. It is obvious that the collector
face of this prototype, in contrastto that of model T/E-1-D, operated
at a much higher temperature than the remainder of the heat pipe

structure.

After measuring the response of the heat pipe to heat input, it
was set for running continuously with the highest value of heat input
at about 335 watts. At that time it was noted that, at the glowing
edge of the collector, the temperature of the niobium tube welded to
the collector would flicker at a high frequency in the region of the
weld. This was certainly the result of intermittent capillary flow of
liquid metal to the boundary between the cool wall and the hot collector,
and the magnitude of the temperature excursions was approximately
50°C at a frequency of about 1 cycle per second. At the end of 23
hours of running in this condition, a sodium deposit was noticed on

the bell jar, indicating a leak, and the test was terminated.

11.  Analysis of the Failure of T/E-2-C

The model was first x-rayed to determine whether the installation

of the capillary structure near the collector had been defective. This
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area cannot be inspected visually during assembly because then it lies
at the bottom of a long cavity, and the visibility is further impaired by
the presence of the collector insert, part No. 16, shown in Figure 1.
In order to explain the operation of the collector at temperatures much
higher than heat pipe temperature, it would be necessary to have either
a loose assembly in which the capillary mesh screen was not in good
contact with the collector, or the complete absence of the capillary
mesh screen, as could occur if the screen slipped during insertion in
the heat pipe. The x-ray obtained revealed a faint gap between the
collector and the collector insert piece, which could be due to either
one of the possibilities just mentioned: loose assembly or absence

of capillary screen in that area.

The converter was then leak-checked, and the point at which the
leak had occurred was found at the weld between the collector and the

outer pipe.

After leak-checking, the converter was opened, and the collector
end was potted and sectioned for metallographic examination. The
heat pipe section collapsed during potting, but it was still evident that
there was no capillary mesh screen between the collector and the
collector insert piece. The elements of the other half of the potted
structure were separated at the capillary screen boundary. There,
the face of the collector insert piece was completely bare of capillary

screemn.

No unusual hardness was discovered over any part of the internal
walls of the heat pipe, and therefore failure due to fracture at an em-

brittled area, such as occurred in T/E-1, is ruled out.

16
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From the above analyses it was concluded that the collector over-
heating was caused by imperfect assembly of the capillary mesh screen
and the resulting absence of capillary connection of the collector.
Furthermore, the leak is attributed to thermal fatigue of the collector
weld, which was produced by the rapid temperature fluctuations in that
area during heat pipe operation. With proper capillary assembly, both

of these problems are avoided.

To investigate the difficulty of assembly of the capillary structure
near the collector, a back-up assembly for T/E-2 was also x-rayed.
It was seen that, in the collector area, the capillary structure did not
reach the end of the heat pipe, and as a result, the collector insert

piece was completely loose and had fallen off to one side.

To avoid these problems, future capillary structures will use
a looser fit of the capillary structure into the heat pipe and greater
use of pre-welded integral capillary structures, where slipping of the

capillary screen cannot occur.

12. Analysis of T/E-1 and T/E-2 Performance

The heat pipe temperatures for T/E-1 and T/E-2 were very
nearly the same at corresponding values of power input. An exact
comparison is not made here because it is known that the thermo-
couples attached to the wall of the heat pipe do not remain well bonded
and tend to read low. In order to ascertain the extent of this error,
data point #7 for T/E-2 was read using the thermocouples, and data
point #8 was taken under the same conditions, using the pyrometer to
read heat pipe temperatures. It is seen that the thermocouples tend
to show a heat pipe temperature of 810°C near the top, which decreases

to 788°C near the bottom, while the observed pyrometer temperature

18
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was 822°C all along the wall except at the very bottom, where it

was 818°C. Thus the temperature along the wall is much more
uniform than the thermocouple readings indicate. Assuming a bell
jar correction of 10°C and a pyrometer correction of 2°C, it is
estimated that the true heat pipe temperature at a pyrometer reading
of 822°C was 834°C, and therefore, the thermocouple with the highest
reading was low by 24°C.

Figure 7 is a plot of the true collector temperature achieved
in Model T/E-2-C, as measured by a spot-welded thermocouple,
versus the pyrometer brightness temperature readings. With this
curve, it is possible to estimate that the brightness temperature
reading of 970°C performed on T/E-1-D corresponded to a true

collector temperature of 841°C.

It is certain that T/E-1 achieved a slightly higher heat pipe
temperature than T/E-2 at corresponding values of heat input because,
with lower collector re-radiation, the heat load on the heat pipe was
higher. Thus, at the conditions obtained with a bombardment current
6f 321 mA, it is reasonable to assume that the heat pipe temperature
of T/E-1 was higher than 834°C, and therefore the temperature drop
between the collector, which was estimated to be at 841°C, and the

heat pipe must have been less than 10°C.

The most important result of the heat pipe tests is the relation-
ship between collector heat transfer and collector temperature. To
obtain this relationship, the T/E-1 data was used in spite of the fact
that this model was not so well instrumented as T/E-2. The choice
was made because T/E-1 achieved correct heat pipe operation, and
the collector overheating of T/E-2 disturbs the heat transfer conditions

to an extent that cannot be calculated accurately.

—
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The collector temperatures of T/E-1 were obtained assuming
the 841°C estimated value for data point #8, which is 27°C higher
than the highest thermocouple reading, and arbitrarily scaling down
the 27°C temperature correction for the data points at lower heat

transfer values.

The heat transfer values were obtained by adding the filament
heating to the electron-bombardment power input, and the filament
heating was calculated by an analysis of the heat pipe temperature
achieved with filament heating alone. Specifically, Data points 2
and 3 of Table 1, where the filament power is the same but where
the temperature distributions are different on account of the additional
electron-bombardment power of data point 3, were compared in
terms of a simple heat transfer balance to determine the magnitude
of the filament heating effect. The result of this calculation is that
the filament heat input for data points 2 and 3 is 17. 1 watts. Assuming
that the filament power input to the heat pipe is proportional to the
power actually delivered to the filament, as measured by filament
voltage and filament current, the filament power input for the other

data points can be calculated.

Table 3 gives a summary of the calculations, and the resulting
values of collector temperature and collector heat transfer are

plotted in Figure 8.

Since, according to Monthly Report No. 13 of JPL Contract
951263, the collector heat transfer is related to converter output

current at 1700°C by the relation:

collector = 105.7 +1.92 Io (1)

20
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Figure 8 can be used to predict the collector temperatures that will
bé achieved in a heat pipe converter as a function of output current

at 1700°C. The predicted curve is given in Figure 9, which also
shows the pertinent data on converter T-206, developed under JPL
Contract 951263, to show that the heat pipe will considerably improve

the collector heat transfer of the T-200 converter.

Finally, Table 2 shows that, in spite of the overheating of the
collector and the consequent greater transfer of heat to the cesium
reservoir, the reservoir temperatures are well within the range of
control required by the design. For instance, at the design value
of output current of 51 amperes, the optimum reservoir temperat'ure

1 is above 621°K (Data point 5, Sheet 4, T-206 data). According to
Equation 1, the heat transfer corresponding to an output of 51 amperes
is 203.7 watts. It can be seen in Table 2 that, at near this value of
heat input, the reservoir temperature obtained in T/E-2 is of the order
of 309°C, or 582°K, which is almost 40°C below the desired value,
and therefore reservoir overheating is easily avoided by the T/E-2

design.
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